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A robotic apparatus has eight actuators (M0-M7) and a linkage (LINK 0-LINK 5) that 
actuates an end effector. Three serial macro freedoms have large ranges of motion 
and inertias. Four serial micro freedoms have small ranges of motion and inertias. 
Translation of the. end effector in any direction is actuated by at least one micro 
joint. The apparatus can be part of a master and slave combination, providing force 
feedback without any explicit force sensors. The slave is controlled with an 
Inverse Jacobian controller, and the master with a Jacobian Transpose controller. A 
slave having more degrees-of-f reedom (DOFs) than the master can be controlled. A 
removable effector unit actuates its DOFs with cables. Beating heart surgery can be 
accomplished by commanding the slave to move with a beating heart, andv cancelling 
out any such motion in the motions perceived by the master. 

19 Claims, 33 Drawing figures 
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Detailed Description Text (189) : 

The null-space vector q. sub. null 516 (the combination of joint moves that does not 
cause any tip translation) of the slave at the current joint configuration may be 
computed during the SVD routine mentioned above. 

Detailed Description Text (190) : 

Scaling and adding 520 the null-space vector to the desired velocity provides 
control of the slave arm within the redundant DOFl The magnitude value a determines 
the speed of motion inside this null space and is selected to minimize a cost 
function C(q). It is also limited 518 to prevent undesirably fast motions. ##EQU6## 
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DOCUMENT-IDENTIFIER: US 3638883 A 
TITLE: CROSS-RATE AXIS SENSOR 



Abstract Text (1) : 

A cross-rate axis sensor is provided for use with a moving vehicle/ such as an 
elongated space vehicle, which undergoes both spinning and coning motion. The 
sensor which may be rotatably mounted about the longitudinal axis of the vehicle 
continually aligns itself with the instantaneous direction of transverse angular 
velocity or cross-rate axis of the vehicle due to coning motion, and the angular 
position of the rotatable sensor relative to the vehicle can be used to phase the 
torques provided by a thrust-producing nozzle mounted on the vehicle to reduce and 
eventually eliminate the coning motion. The sensor includes a rotatively driven 
momentum wheel, the axis of rotation of which continuously follows the cross-rate 
axis, and a cylindrical member rotatably mounted about an axis parallel to the 
vehicle axis of the elongation within the vehicle and having a hollow interior 
within which. the momentum wheel is rotatably mounted as a gyroscope element in a 
balanced single degree of freedom gimbal system. 

Brief Summary Text (3) : 

The present invention relates to space vehicle guidance control systems, and more 
particularly to active control systems wherein information as to the behavior of 
the vehicle is used to phase torques generated by a vehicle mounted thrust nozzle. 

Brief Summary Text (5) : 

Numerous systems have been proposed for controlling the behavior of moving objects 
such as space vehicles . Space vehicles are capable of undergoing a variety of 
different motions depending upon many factors such as the trajectory of the vehicle 
and the physical characteristics of the vehicle . Elongated cigar-shaped vehicles 
typically have a spinning motion imparted to them so that they spin about their 
longitudinal axis. This spinning motion in combination with other factors results 
in the vehicle undergoing coning motion about its center of gravity. While a 
certain minimal amount of coning motion is tolerable, too much coning motion 
results in the inefficient flight of the vehicle and more particularly in the loss 
of substantial or even in some cases complete control of the vehicle . In order to 
point the vehicle in a desired direction, a process which is normally termed 
attitude control, it is frequently necessary to reduce the coning motion of the 
vehicle to a certain minimal level. 

Brief Summary Text (6) : 

Depending upon the type of vehicle control system used, coning motion may be 
reduced or eliminated either before, during or after attitude correction of the 
vehicle . Passive-type control systems utilize a portion of the energy of the moving 
vehicle to control its behavior. Vehicle energy is continually used up and there is 
a constant danger that the vehicle will be sufficiently robbed of energy so as to 
impair the basic desired motions of the vehicle . For example, in a passive control 
system there is always the danger that vehicle spin will deteriorate sufficiently 
to render the vehicle uncontrollable as more and more vehicle energy is used up to 
reduce coning. 

Brief Summary Text (7) : 
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Active-type control systems control the behavior of the vehicle by generating their 
own energy rather than using a part of the existing energy of the vehicle . Such 
systems typically employ a nozzle mounted on the vehicle to generate thrust at 
desired times, the activation of the nozzle being phased in accordance with the 
instantaneous attitude of the vehicle and the instantaneous position of the vehicle 
within the conical orbit. One or more sensors mounted within the vehicle may be 
referenced to one or more external references such as the sun or a star target. 
Since external references provide only an indirect indication of actual vehicle 
behavior, most known control systems at best provide an indirect approach to 
control Ideally, for example, coning motion of a spinning vehicle should be 
controlled by referencing an active control system to the actual angular motion 
which the vehicle is undergoing due to the coning motion. 

Brief Summary Text (9) : 

In brief, the present invention provides a sensor which may be advantageously used 
in an active-type control system to reduce or eliminate the coning motion of a 
spinning vehicle either alone or in combination with attitude control of the 
vehicle . A coning vehicle has an angular velocity about its longitudinal axis due 
to spin motion and a transverse angular velocity about an axis perpendicular to the 
longitudinal axis due to cross spin. The instantaneous component of transverse 
angular velocity provides a constant indication of the axis about which the vehicle 
rotates as it traverses the conical orbit. The sensor continually aligns itself 
with the instantaneous direction of transverse angular velocity, and the generation 
of torques by a nozzle mounted on the vehicle may be phased in accordance with the 
angular position of the vehicle relative to the internally mounted sensor. 

Brief Summary Text (10) : 

In accordance with one particular aspect of the invention, the sensor may comprise 
a hollow cylindrical member rotatably mounted about its axis of elongation within 
the spinning vehicle. A second cylindrical member or momentum wheel is rotatably 
mounted as a gyroscope in a single degree of . freedom gimbal system within the 
hollow interior of the first cylindrical member with axis of rotation perpendicular 
to and intersecting the axis of elongation of the first cylindrical member, and is 
rotatively driven by appropriate means to obtain a high angular momentum to act as 
a gyroscope element in a balanced single degree of freedom gimbal system. The 
second cylindrical member or momentum wheel continually aligns its axis of rotation 
with the direction, of the cross-rate axis or instantaneous direction of angular 
velocity of the vehicle due. to coning motion. Alignment of the momentum wheel 
rotates the first cylindrical member in a manner independent of the position or 
rate of movement of the vehicle about its spin orbit. 

Brief Summary Text (11) : 

In accordance with a further aspect of the invention the angular position of the 
first cylindrical member of the sensor relative to the vehicle is utilized to 
generate torques only when the vehicle assumes a position or positions within its 
spin orbit whereby the generation of torques will tend to reduce or eliminate 
coning motion. A wiper arm is mounted on the first cylindrical member and is 
adapted to make contact with a commutator segment fixedly mounted within the 
vehicle at those relative angular positions which will result in the reduction of 
coning if the nozzle is energized. A slip ring assembly mounted between the vehicle 
and the first cylindrical member completes an electrical circuit to the wiper arm, 
and contact of the commutator segment by the wiper arm results in the energization 
of a vehicle mounted nozzle to generate torque . 

Brief Summary Text (12) : 

In accordance with further aspects of the invention, the sensor may be used either 
alone in conjunction with a thrusting means to correct the coning motion of a 
vehicle or in combination with a separate sensor and control system to correct for 
both attitude error and coning" motion . The complete elimination of coning motion is 
virtually impossible, and further attempts to reduce coning motion once a minimum 
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cone size has been reached often result in such motion being increased rather than 
decreased. Accordingly, the sensor of the present invention may be used in 
combination with a threshold detector which stops control of the vehicle by the 
sensor whenever the coning amplitude has been reduced to a predetermined minimal 
size. Alternatively, the sensor of the present invention may be serially coupled 
with another sensor system to control both coning and attitude, the cross-rate axis 
sensor of the invention providing for the generation of thrusts when they will 
reduce the coning motion and the other sensor overriding the control exercised by 
the cross-rate axis sensor so as to permit energization of the nozzle only when 
thrusts will reduce the attitude error of the vehicle . 

Drawing Description Text (3) : 

FIG. 1 is a diagrammatic illustration demonstrating the characteristic motions of a 
spinning space vehicle ; 

Drawing Description Text (9) : 

FIG. 7 is another diagrammatic representation showing the effect of a thrust 
produced by the system of the invention on mean attitude and coning angle of the 
vehicle; 



Drawing Description Text (10) : 

FIG. 8A is a diagrammatic representation of vehicle trajectory under an inertial 
phasing concept; 

Drawing Description Text (11) : 

FIG. 8B is a diagrammatic representation of vehicle trajectory under a cross axis 
phasing concept; 

Drawing Description Text (12) : 

FIG. 9 is a simplified block diagram of one form of vehicle control system in 
accordance with the invention; and 

Drawing Description Text (13) : 

FIG. 10 is a simplified block diagram of another form of vehicle control system in 
accordance with the invention. 

Detailed Description Text (2) : 

FIG. 1 illustrates the characteristic motions undergone by an elongated cigar- 
shaped space vehicle 10. The vehicle 10 undergoes spinning motion in a direction 
shown by the curved arrow 12 about its longitudinal axis 14. The vehicle 10 also 
undergoes the characteristic wobbling or coning motion commonly called nutation 
about its center of gravity 16 with the longitudinal axis 14 defining a coning 
orbit 18. The longitudinal axis 14 of the vehicle 10 moves about the conical orbit 
18 in a direction shown by the curved arrow 20. A cross axis rate sensor 22 in 
accordance with the invention is mounted at any convenient position within the 
vehicle 10 so that its longitudinal axis either coincides with or is parallel to 
the longitudinal axis 14 of the vehicle, the former case being illustrated in FIG. 
1 and hereafter for convenience of illustration. The sensor 22 may be used alone or 
in combination with one or more other sensors (not shown) to control the 
energization of a nozzle 24 mounted on the vehicle . The mean attitude of the 
vehicle 10 is represented by the central axis 26 of the conical orbit 18 since the 
vehicle revolves about the orbit in the direction shown by the arrow 20. The 
attitude of the vehicle 10 is in error to the extent that the axis 26 deviates from 
the desired vehicle heading. 

Detailed Description Text (3) : 

The characteristic motions of the vehicle 10 may be represented in terms of their 
components of angular velocity and momentum as illustrated in FIG. 2. The spinning 
motion of the vehicle 10 about its longitudinal axis 14 may be represented in terms 
of a body cone 30 which rolls about the outer surface of a space cone 31 as the 
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vehicle undergoes coning motion. The vehicle 10 has a total angular velocity vector 
32 which always coincides with the line of contact of the body and space cones 30 
and 31. The angular velocity vector 32 may be resolved into a longitudinal 
component vector 34 along the vehicle longitudinal axis 14 due to spin rate, and a 
transverse component vector 36 due to the coning motion of the vehicle . The 
component vector 36 which is conveniently termed the cross-rate vector (or 
transverse component of angular velocity) is perpendicular to the vector 34 and 
always points in a direction toward the central axis 37 of the space cone 31. The 
axis of the vector 36 is accordingly termed the cross-rate axis, and it is this 
axis which the sensor of the present invention continuously follows, The cross-rate 
vector 36 revolves about the central axis 37 and its magnitude is dependent on the 
movement of the body cone 30 about the space cone 31. The total angular momentum of 
tne vehicle 10 which is a vector 40 lying along the space cone central axis 37 is 
comprised of a component vector 42 due to the spinning motion of the vehicle and a 
component vector 44 due to the coning motion of the vehicle . 

Detailed Description Text (5) : 

The cylinder 50 is rotatably mounted about its longitudinal axis 56 by a housing 58 
which comprises inner and outer hollow cylindrical portions 60 and 62 respectively. 
The cylinder 50 is rotatably mounted to the inner wall of the inner cylindrical 
portion 60 by separate bearing arrangements 64 and 66. The sensor housing 58 is 
fixedly mounted within the vehicle 10 so that the longitudinal axis 56 of the 
cylinder 50 coincides with the longitudinal axis 14 of the vehicle . 

Detailed Description Text (6) : 

It will be shown from the discussion to follow that the spin axis 55 of the 
momentum wheel 52 always 'points in the same direction as the cross-rate vector 36, 
and it is for this reason that the sensor 22 is termed a cross-rate axis sensor. 
The momentum wheel 52 and cylinder 50 move independently of the housing 58 and 
vehicle 10 to follow the cross-rate vector. 36 as the vehicle moves about the coning 
orbit 18, and the spinning motion of the vehicle 10 provides rotation of the 
housing 58 and its inner cylindrical portion 60 relative to the cylinder 50. 

Detailed Description Text (7) : 

As the vehicle 10 spins about its longitudinal axis 14, the nozzle 24 moves about 
the longitudinal axis 14 at the spin rate. Since thrusts of the nozzle 24 at 
different angular positions of the vehicle 10 about its spin orbit will affect the 
conical orbit 18 differently, . it is highly desirable that any nozzle thrust and the 
resulting torques on the vehicle produced thereby be phased so as to reduce coning 
motion. The cylinder 50 and momentum wheel 52 provide a continuous coning 
reference, and the angular position of the housing 58 and associated vehicle 10 
relative to the cylinder 50 is used to provide a continuous indication of the 
orientation of the nozzle 24 relative to the coning orbit 18. A predetermined range 
of angular positions of the housing 58 relative to the cylinder 50 defines a region 
wherein thrusts from the nozzle 24 will reduce coning. At all other angular 
positions, nozzle thrusts will either increase coning or have no effect on it. 

Detailed Description Text (8) : 

A wiper arm 70 is fixedly attached to the cylinder 50 by means of a rod 72 
extending from the arm 70 through an aperture 74 in the end of the housing inner 
cylindrical portion 60 to the cylinder 50. The wiper arm 70 moves with the cylinder 
50 and wheel 52, and provides a coning orbit reference. A commutator segment 76 is 
mounted on the outside surface of the housing inner cylindrical portion 60 adjacent 
the wiper arm 70, and extends a fixed distance in the circumferential direction 
about the longitudinal axes 14 and 56. Contact of the wiper arm 7 0 with the 
commutator segment 76 defines those angular positions of the cylinder 50 relative 
to the housing 58 at which nozzle thrust will reduce the size of the coning orbit 
18. A slip ring assembly 78 has inner and outer portions mounted on the cylinder 50 
and the housing 58 respectively and provides an electrical circuit path to the 
wiper arm 70, the connections therebetween having been omitted from FIGS. 3 and 4 
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for the sake of clarity. The slip ring assembly 78 also provides a circuit path to 
the electric drive motor 53. By serially coupling the wiper arm 70 and segment 76 
in a circuit to energize the nozzle 24, thrusts are produced only during selected 
angular positions of the cylinder 50 relative to the housing 58, and the resulting 
torques on the vehicle 10 are phased so as to reduce coning. The space between the 
inner and outer cylindrical portions 60 and 62 of the housing 58 may be used to 
house associated electronics so that the sensor 22 may be used as a single complete 
unit. A plug 80 which is mounted in one end wall of the housing 58 may be used to 
provide electrical coupling of the sensor 22 to circuits within the vehicle . 

Detailed Description Text (9) : 

An understanding of the reasons for the behavior of the sensor 22 may be had with 
reference to FIGS. 5 and 6. For purposes of discussion, the longitudinal or spin 
axes of the cylinder 50 and the momentum wheel 52 may be designated Y and Z 
respectively, the X-axis which completes the coordinate system being perpendicular 
to and intersecting both axes Y and Z. The total torque T.sub.C on the cylinder 50 
from the vehicle 10 body and the momentum wheel 52 may be represented by the 
expression T.sub.C =T.sub.W ' +T . sub . Z-axis . where T.sub.W 1 represents the reaction 
torque of the momentum wheel and T.sub.B represents the torque exerted on the 
cylinder by the vehicle body. A vectorial differential equation may then be written 
as follows: 

Detailed Description Text (10)': 

where H.sub. C is the angular momentum of the cylinder 50, .OMEGA, is the angular 
velocity of the cylinder, H.sub.W is the angular momentum of the momentum wheel, 
T.sub.X is the component of the body torque T.sub.B about the X-axis, and T.sub. Z 
is the component of the body torque T.sub. B about the Z-axis Scalar evaluation of 
equation 1 provides the basic differential equations of motion which assume the 
form: 

Detailed Description Text (17) : 

If the space vehicle 10 is assumed to undergo free coning motion about a cone angle 
which is relatively small (on the order of 20. degree, or less) and the magnitude of 
cross-rate is substantially constant, then the following equation may be written: 

Detailed Description Text (28) : 

The X-, Y-, Z-coordinate system as shown in FIGS. 5 and 6 provides a convenient 
reference in discussing the characteristic behavior of the sensor 22 in a spinning 
space vehicle undergoing coning motion. For purposes of discussing the behavior of 
the space vehicle 10 under the influence of the nozzle 24, as controlled by the 
sensor 22, the same coordinate system may be used. However, for the sake of 
convenience, the various axes are more readily referred to in terms of sensor 
behavior relative to an inertial coordinate system p,q, in which event the Y-axis 
.which is the longitudinal axis of the sensor 22 and its cylinder 50 may be termed 
L, the Z-axis which is the spin axis of the momentum wheel 52 and is transverse to 
the longitudinal axis L may be termed T, and the X-axis which is always normal to 
the spin axis of the momentum wheel 52 may be termed N. 

Detailed Description Text (29) : 

Referring to FIG. 7, the behavior of the space vehicle 10 is illustrated with 
reference to inertial coordinates p,q, The origin of the p,q coordinate system 
represents the desired attitude or heading of the vehicle 10 and also serves as the 
center of the conical orbit 18. Since the momentum wheel 52 spin axis continuously 
follows the cross-rate axis with little or no hangoff under the above-stated 
conditions, the T- and N-axes are depicted in FIG. 7 as rotating about the conical 
orbit 18 as the vehicle 10 moves about such orbit. The initial conical orbit, 
before any torque is generated by the nozzle 24, is represented by the solid line 
circle 18 which has a cone angle of . gamma .. sub . 1 . As mentioned in connection with 
the discussion of FIG. 2, the total angular momentum vector 40 of the vehicle, 
which may be represented by H, always lies along the central axis of the cone. The 



http ://westbrs : 9000ftin/gate.exe?f^doc&state=68j er6. 1 6.4&ESNAME=KWIC&p_Message. . . 1 0/1 1/05 



vector H, however, may be separated from the conical orbit so as to be considered 
separately. For this reason, the origin of the p,q inertial coordinate system, 
which lies along the central axis of the conical orbit 18, represents the desired 
mean attitude of the vehicle 10 and the movement of the angular momentum vector H 
toward or away from the origin may be represented by various points lying within 
the p, q plane. 

Detailed Description Text (30) : 

As shown in FIG. 7, the space vehicle 10 is initially assumed to have a total 
angular momentum vector H.sub.l before any thrusts are generated by the nozzle 24 
under the control of the sensor 22. It will therefore be understood that there are 
two major considerations involved in changing the attitude, or pointing, of a 
spinning body or space vehicle . The first consideration is that of the total 
angular momentum vector H. H is the average or mean attitude of the vehicle, and, 
as shown in FIG. 7, it is desired to bring H to the origin of the p, q coordinate 
system representing the desired heading or pointing. The second consideration is 
that of the coning amplitude or angle .gamma. , which angle must be brought to zero 
or near zero for attitude stabilization about a total angular momentum vector 
representing the new pointing of the vehicle . Thus, as shown in FIG. 7, it is 
desired to reduce .gamma, to zero or near zero. 

Detailed Description Text (31) : 

Each thrust generated by the vehicle mounted nozzle 24 results in a corresponding 
torque along a torque axis 100, which axis remains in a fixed orientation relative 
to the nozzle 24 and rotates with the vehicle 10 as it spins. If it is assumed that 
the nozzle 24 can only expend thrust for a fixed finite duration, thereby producing 
torques for a fixed duration, the time integration of the torque is found to be a 
vector quantity called torque -impulse which may be represented by a change in the 
total vehicle angular momentum H or a . DELTA. H vector. For every torque fired for a 
fixed time duration, a . DELTA. H vector representing the vectorial change in angular 
momentum due to the torque can be associated with the torque -time event. If it is 
assumed that the nozzle 24 generates infinite torque for an infinitesimal time 
interval, then the net time integral results in a vector . DELTA. H being generated 
along the torque axis 100 of the vehicle 10. If a finite torque is generated for a 
finite period of time, then the net . DELTA. H vector will not be exactly parallel to 
tne torque axis 100, due to the vehicle body integration of the rotating torque 
vector. If the angle between the vehicle torque axis 100 and the q axis of the 
inertial coordinate system is designated .theta. , then torque may be expressed by 
the following equation: 

Detailed Description Text (33) : 

The cone angle . gamma . . sub . 2 and total angular momentum vector H.sub.2 which will 
result from a torque vector . DELTA. H may then be expressed by the equations: 

Detailed Description Text (35) : 

where P is the coning frequency of the vehicle, I.sub.T is the transverse moment of 
inertia of the vehicle, and .alpha, is the angle between the q axis and the 
momentum wheel 50 spin axis or transverse axis T. 

Detailed Description Text (36) : 

It is thus possible to keep track of the state of the vehicle 10 after each torque 
impulse. As shown in FIG. 7, a nozzle 24 produced thrust provides a torque 
vector . DELTA. H parallel to the vehicle torque axis 100. With the torque axis 100 
located as shown during the producing of such thrust, the vector . DELTA. H is added 
to the initial angular momentum vector H.sub.l to provide a new vector H.sub.2. In 
terms of the vehicle coning orbit, the torque vector . DELTA. H may also be 
represented as extending from the spin axis of the vehicle 10 along the torque axis 
100 as shown. From equation 12 it will be seen that the coning amplitude .gamma, is 
affected by the component of . DELTA. H along the T-axis, components in the +T 
direction increasing .gamma, and components in the -T direction decreasing .gamma.. 
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In the example of FIG. 7, the torque vector . DELTA. H has a component vector 102 
along the T-axis, the vector 102 increasing the cone angle to a new and larger 
angle . gamma . . sub . 2 , since the vector 102 extends in the +T direction. 

Detailed Description Text (37) : 

The example of FIG. 7 illustrates the close relationship between the angle .gamma, 
and total angular momentum vector H, and the problems involved in both reducing 
cone angle and attitude error by single impulses from the vehicle mounted nozzle 
24. Thus, the torque vector . DELTA. H, as shown in FIG. 7, reduces the vehicle 
attitude error by bringing H closer to the origin of the p,q coordinates, but at 
the same time increases vehicle coning from . gamma .. sub . 1 to . gamma . . sub . 2 . 
Different approaches for reducing coning and attitude error are thus possible. One 
approach is to generate torques parallel with the p axis moving H to the origin or 
0 by steps of . gamma. H. In such an approach, the coning amplitude .gamma, 
alternately grows and decays depending on the algebraic addition of . DELTA. H 
components along the T-axis. When H reaches null (the origin of the p,q coordinate 
system) , a residual coning motion ordinarily exists, requiring that such motion be 
reduced to a minimal level or eliminated. An alternative approach is to generate 
torques . DELTA. H along the negative T-axis which has the effect of reducing the 
coning motion or cone angle .gamma, to 0 . In this situation, the total angular 
momentum vector H may be moved toward and away from null so as to reside at some 
point off null when the coning motion has been eliminated. Rate feedback may be 
employed to limit the allowable cross-rate while bringing H to null. Such a 
technique is effective, but requires a great deal of nozzle fuel. 

Detailed Description Text (38) : 

It has been found that highly effective and efficient attitude control is provided 
by phasing torques with respect to the cross-rate axes T and N rather than with the 
error axes p and q of the inertial coordinate system. FIG. 8 illustrates the 
differences in attitude control concepts, FIG. 8A illustrating the inertial phasing 
concept and FIG. 8B illustrating the more desirable cross axis phasing concept. The 
cross axis phasing concept or method in accordance with the invention controls the 
vehicle body, while the inertial method controls essentially the total angular 
momentum vector H. In the inertial phasing concept of FIG 8A wherein rate feedback 
is employed, H is initially moved toward null without attempting to reduce the 
coning motion. When H resides within a certain proximity of null, however, the 
coning amplitude is systematically reduced until it is substantially eliminated as 
H reaches null. Since it is virtually impossible to completely eliminate all coning 
motion when the attitude error has been reduced substantially to zero, vehicle 
control systems are typically referenced to a null dead space region which may be 
defined as a cone having an angle of a few degrees or less and a central axis 
substantially coincident with the desired direction of vehicle attitude. Different 
control systems attempt to reach- null dead space by different techniques and using 
different methods. In the inertial phasing concept of FIG. 8A, for example, the 
system attempts to bring the total angular momentum vector H within null dead 
space. The cross axis phasing concept of FIG. 8B, however, attempts to. bring the 
vehicle itself, rather than H, into null dead space. 

Detailed Description Text (39) : 

The above discussion in connection with FIGS. 5-8 involves total vehicle control 
considerations, including those as to attitude correction and those as to deconing 
or denutation. The sensor 22 in accordance with the present invention, however, may 
be advantageously used by itself to effect vehicle deconing independent of attitude 
correction. Such a system is substantially insensitive to variations in vehicle 
attitude, and attempts only to substantially reduce the coning motion of the 
vehicle . To accomplish this, the nozzle 24 is phased such that it produces torque 
substantially only in the direction of the the -T-axis. Since the vehicle 10 spins 
about its longitudinal axis 14 relative to the T-axis, the T-axis moving with the 
coning motion of the vehicle and being substantially independent of vehicle spin, 
the single commutator segment 76 illustrated in FIGS. 3 and 4 is located on the 
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inner cylindrical portion 60 of the sensor housing 58, such that an electrical 
circuit is completed between an electrical source 110 and the nozzle 24 only during 
those portions of the spin orbit of the vehicle at which torques along the -T-axis 
will be provided. With the wiper arm 70 held in a substantially fixed position 
relative to the T-axis, the sensor housing 58 and the fixed commutator segment 76 
rotate at the spin rate of the vehicle to fire the nozzle 24 once each revolution, 
as shown in FIG. 9. Since a minimum cone angle may be reached, beyond which further 
attempts to reduce the cone size may result in increased coning motion, a threshold 
trigger 112 responds to a cone angle sensor 114 to deenergize a relay coil 116, 
breaking the electrical circuit to the nozzle 24 when a predetermined minimum cone 
angle is achieved. The relay coil 116 remains energized to complete the circuit to 
the nozzle only so long as the cone is greater than the predetermined minimal size. 



Detailed Description Text (40) : 

As previously mentioned, the arrangement of FIG. 9 operates independently of 
vehicle attitude and fires thrusts to reduce vehicle coning motion regardless of 
their effect on attitude error. In order to reduce both coning motion and attitude 
error to their practical minimum limits, it is necessary to control the operation 
of an arrangement such as that of FIG. 9 in accordance with attitude error, such an 
arrangement being shown in FIG. 10. A position error sensor 120, which may be 
referenced to an internal reference system such as an inertial one or an external 
reference system such as a stellar body or the sun, energizes a relay coil 122 to 
complete an electrical circuit to the nozzle 24 only when a nozzle produced thrust 
will reduce the vehicle means attitude error. The result is that those electrical 
signals from the sensor 22, which would reduce coning motion but which would 
increase attitude error, are blocked by the open contact 124 of the relay 122 so as 
not to energize the nozzle 24. The relay 122 and position error sensor 120 in 
effect act as a second gate in series between the first gate provided by the sensor 
22 and the nozzle 24, the wiper 70 and segment 76 making contact when a nozzle 
thrust will reduce the cone amplitude, and the relay contact 124 closing when the 
thrust will move the vehicle body axis toward the target. 

Detailed Description Text (41) : 

The cross axis rate sensor 22 of the invention can be employed in an arrangement 
similar to that of FIG. 10 to provide an effective method of pitchover, if desired. 
With the wiper arm 7 0 aligned relative to the N-axis instead of the T-axis, the 
components of . DELTA. H provided by the resulting thrusts of the nozzle 24 will have 
zero value along the T-axis and coning amplitude will not be affected. The total 
angular momentum vector H is thus positioned to any desired attitude in space. The 
position error sensor 120 and relay coil 122 again serve as a second gate to select 
out of the allowable instances for control thrusts those instances where the 
vehicle will move in the direction of the prescribed target. 

Detailed Description Text (42) : 

Cross-rate axis sensors in accordance with the invention can be used in combination 
with various types of control system apparatus to provide various desired control 
techniques. By combining pitchover and decone systems, such as for a control system 
similar to that described in applicant's copending U.S. Pat. application, Ser. No. 
662,130, filed Aug. 21, 1967, entitled "Space Vehicle Attitude Control" a 
simplified solar pointing system can be had. For example, a single solar sensor 
having two segmented apertures separated by 90. degree, can be used. One segment is 
used for deconing, in accordance with the method already described, the other 
segment being used to provide a second gate for the deconing system in accordance 
with desired pitchover control. In a further arrangement, the pitch and yaw of a 
spinning vehicle may be controlled by using the cross-rate axis sensor of the 
invention in combination with an inertial platform reference, such as that referred 
to as a MARS ACS sensor. Two commutator segments are symmetrically mounted about 
the T-axis, and a double wiper configuration having two wipers spaced 90. degree, 
apart is mounted on the rotatable cylinder 50 of the sensor. The wiper arms 
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separately provide pitch and yaw signals relative to the pitch and yaw axis 
coordinates of the vehicle established by the inertial platform or similar internal 
reference. The commutator arrangement of the cross-rate axis sensor act as the 
second gate to selectively pass the pitch and yaw signals to generate thrusts, 
whenever the inertial platform system senses that vehicle position error relative 
to the target will be reduced by nozzle firing. 

CLAIMS : 

1. A control system for tracking the radial orientation of the cross-rate axis 
about the longitudinal spin axis of a spinning vehicle undergoing coning motion 
comprising: 

a gyroscope element having its gyrospin axis normal to a longitudinal mounting axis 
that is parallel to said longitudinal spin axis of the vehicle ; 

mounting means for rotatably journaling said gyroscope element for free balanced 
rotation of said gyrospin axis about said longitudinal mounting axis; 

sensing means for detecting the orientation of said gyrospin axis relative to a 
predetermined radial position on said vehicle to provide an output condition 
indicative of the orientation of said cross-rate axis relative to said 
predetermined radial position; and, 

means responsive to said sensing means for controlling the orientation of said 
vehicle . 

2. The sensor system of claim 1 wherein: 

said mounting means constitutes a balanced single degree of freedom gimbal system; 
and, 

said sensing means includes indicator means affixed to said gimbal for rotation 
about said longitudinal mounting axis with said gyrospin axis, and a sensing 
element affixed to said vehicle for movement therewith about said longitudinal spin 
axis and responsive to the orientation of said indicator means at said 
predetermined radial position for providing said output indication. 

3. The sensor system of claim 2 wherein: 

said sensing means includes a commutator segment fixedly mounted within said 
vehicle adjacent the longitudinal axis of said cylinder, and a wiper arm affixed 
for rotation with said cylinder to contact said commutator segment whenever said 
cylinder rotates to a predetermined angular position relative to said commutator 
segment; and 

electrical circuit means coupled to said commutator segment and said wiper arm to 
be interconnected to pass an electrical signal whenever said wiper arm contacts 
said commutator segment. 

4. The sensor system of claim 1 wherein: 

said mounting means includes a hollow cylinder rotatably mounted with its 
longitudinal axis parallel to the vehicle spin axis, and said gyroscope element is 
mounted within said cylinder with its center of mass intersected by the 
longitudinal axis of said cylinder. 

5. The sensor system of claim 1 wherein: 

said means for controlling the orientation of said vehicle is adapted to generate 
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thrust to change the orientation of its spin axis and said predetermined radial 
position on said vehicle is determined by the radial direction of said thrust. 



6. A control system for an elongated vehicle undergoing spinning about its axis of 
elongation and coning motion about a central axis of mean heading, comprising: 

a gyroscope means having a spin axis mounted with a single degree of freedom to 
provide free balanced rotational movement of said spin axis about a mounting axis 
parallel to the axis of elongation of said vehicle to maintain said spin axis 
aligned with the cross-rate axis; 

thrust means mounted on the vehicle for generating an external thrust upon 
energization to change the orientation of said axis of elongation; 

and sensing means including a first member mounted on the vehicle for movement 
about said spin axis with said thrust means, a second member mounted for rotational 
movement within said vehicle with the spin axis of said gyroscope means, and 
circuit means for energizing said thrust means whenever said first member has a 
predetermined angular relationship relative to said second member so that said 
external thrust reduces said coning motion. 

7. The control system of claim 6 wherein: 

said circuit means includes gating means coupled in series between said sensing 
means and said thrust means for preventing the energization of said thrust means by 
said sensing means except when the axis of elongation of said vehicle has a 
predetermined angular relationship relative to a desired heading. 

9. The control system of claim 7 wherein: 

said gating means comprises means responsive to a predetermined angular 
relationship between said thrust means and said desired heading to prevent 
energization of said thrust means except when the external thrust generated would 
tend to move the axis of elongation of said vehicle toward said desired heading. 

11. The control system of claim 10 wherein: 

said sensing means comprises a first commutator switch element carried for rotation 
with said hollow cylindrical mounting means, and a second commutator switching 
element fixedly mounted within said vehicle relative to said thrust means in a 
preselected radial segment about said mounting axis to be contacted by said first 
commutator contact member, and electrically energizing means coupled to said first 
and second commutator contact members to energize said thrust means whenever said 
first commutator contact member contacts said second commutator contact member. 
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US-CL-CURRENT: 60/233; 137 / 118.01 , 60/ 200. 1 , 60/263 
DOCUMENT TEXT: 

Feb. 21, 1967 R. E. GAURA 313040723 PROPORTIONAL THRUST VALVE FOR SPACE- VEHICLE 
CONTROL SYSTEM Filed Aug. 10, 1965 14 33 L 11 30 18- Z6 19 20 + L9 0 . 4 Oz 5 /0 2»0 
15 wo INVENTOR q- BY 

United States Patent Office 3,304,723 3,304,723 PROPORTIONAL THRUST VALVE FOR SPACE 
VEHICLE CONTROL SYSTEM Robert E. Gaura, Campbell, Calif., assignor ti) the United 
States of America as represented by the Secretary of the Air Force Filed Aug. 10, 
1965, Ser. No. 478,778 3 Claims. (CI. 60-233) This invention relates to a thrust 
valve for a space vehicle control system. 0-ne object of the invention is to 
provide a lightweight proportional thrust valve for a space vehicle control system 
which is compact, reliable and inexpensive to build. Another object of the 
invention is to provide a thrust valve which uses a bellows that provides poppet 
preload and which nullifies any unbalance force due to varying supply pressure. A 
furtber obiect of the invention is to provide a thrust valve which makes use of the 
pilot gas used to obtain main stan thrust to provide a vernier thrust and which 
eliminates the undesirable lorques acting on the space vehicle due to venting of 
the pilot gas. These and other objects will be more fully understood from the 
followin,a detailed description taken with the drawing,- wherein: FIG. 1 is a 
sectional view of a thrust valve according to the invention; FIG. 2 shows the 
performance dia.-ram of lbs. thrust vs. si.-nal input in milliamps for the pilot 
sta,-e; and FIG. 3 shows the performance diagram of lbs. thrust vs. si.-nal input 
in milliamps for the main stage tbrust. The prior art thriist valves used were 
complicated and too sensitive for the job they inust do. Also, in these valves the 
pilot gas, used to obtain main stage thrust control, was vented overboard through 
holes in the torque motor cover where they performed no useful function and caused 
undesirable torques to act upon the vehicle . According to this invention a more 
compact valve is provided which makes use of the pilot gas to obtain useful thrust. 
With reference to FIG. 1, reference number 10 shows a thrust valve having a housin- 
11, with a pilot stage thrust chamber 12, and a main thrust chamber 13, separated 
by a diadhragm, 14. A small vernier nozzle 15 is connected to th@ pilot sta, @e 
thrust chamber 12 and a main nozzle 16 is connected to the main thrust chamber 13. 
Both of these. nozzles are of sta@ndard convergent-di verge, nt De Laval design. The 
sizes of the respective throat diame"-ers are detern-iined by the thrust levels 
selected for the vernier and main stages, however, the throat diameter of nozzle 15 
will always be some fractional part of the diameter of nozzle 16. For example, with 
the thrust levels sbown in FIGS. 2 and 3, with a main stage nozzle throat diameter 
of approximately .6 inch, the vernier nozzle would have a throat diameter of 
approximately .04 inch. A valve 17 is connected to the diaphragm 14 by means of 
stem 19. A spring bellows 19 is hermetically connected to the valve 17 and housing 
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11. Cbam, ber 13 is in communication with chamber 20 within spring bellows 19 by 
means of central passage 21 and two bore holes 22 - in the valve stem 18. Other 
conimunication means such as openings through the valve 17 can be provided, if 
desired. An adjustable stol> 24 controls the length of the stroke. A supply of 
compressed gas, for example nitrogen, from supply 26 is connected to inlet 28. The 
working fluid may be compressed hot or cold gas. A pilot supply passage 29 ending 
with a nozzle 30 is provided between inlet 29 and chamber 12. A torqtie motor 31 
controls the movement of a flapper Patented Feb. 21, 1967 2 32 to control the flow 
of gas from nozzle 30 into pilot chamber 12. For a general discussion of flapper 
valves see pages 16-19 of "Electrohydraulic Servomechanisms" by Allen C. Morse, in 
the operation of the thrust valve, a signal is applied to torque motor 31 over 
leads 33 to move the flapper 32 away from the nozzle 30. A regulated pilot pressure 
Pp is built up in chamber 12. The variable pilot chamber pressure is converted to 
useful thrust as the -as expands io through convergent-divergen@t nozzle 15. Whe-n 
the pressure in the pilot chamber 12 reaches a value high enough to overcome the 
pressure of spring bellows 19, valve 17 is moved away from its seat and a pressure 
Pi, is built up in the main thrust chamber 13. The gas in main thrust 15 cham-ber 
13 is fed to the main thrust nozzle 16. The passage 21 in valve 17 acts to hold the 
pressure inside the bellows 19 at the same pressure as chamber 13 so that there is 
no net force across the poppet-seat assembly. There is thiis provided a lightweight 
proportional thrust 20 valve for a space vehicle control system which is compact, 
reliable, and inexpensive to build. While a certain specific embodiment has been 
described in detail, it is obvious that numerous changes may be made without 
departing from the General principle and 25 scope of the invention. I claim: 1. A 
thrust device comprising-: a housing- having a first chamber and a second chamber 
separated by a wall; a first convergent-divergent nozzle connected to said first 30 
chamber; a second conver, -ent-divergent nozzle of smaller throat diameter connected 
to said second chamber; a high pressuregas supply connected .to said housing; valve 
means within said housing for controlling the flow of gas to said first chamiber; a 
spring bellows hermetically con- 35 nected to said valve means and the wall of said 
housing for holding said valve in its closed position; means, in said valve ineans 
for, admitting gas into said bellows when said valve is open to balance the 
pressure on said valve 40 means; a diaphragm, in the wall between said first 
chamber and said second chamber, and operatively connected to said valvemeans; 
means for controlling the flow of gas into said second chamber to co-@itrol the 
flow of gas to said second nozzle and the movement of said diaphra,@m 45 to control 
the opening and closing of said valve means. 2. A thrust devic — comprising: a 
housing having a first chamber and a second chamber separated by a wall; a first 
conver, @ent-divergent nozzle connected to said first chamber; a second convergent- 
divergent nozzle of smaller 50 throat diameter connected to said second chamber; a 
high pressure gas supply connected to said housing; valve meaiis within said 
housing for controlling the flow of gas to said first chamber@, a spring bellows 
hermetically connected to said valve means and the wall of said housing for bold- 
.5,5 ing said valve in its closed position; means, for, admittin. gas into said 
bellows when said valve is open to balance the pressure on said valve means; a 
diaphragm, in the wall between said first chamber arid said seco-nd chamber, and 
operatively connected to said valve means; means for (;o controlling the flo@v of 
gas into said second chamber to control the flow of gas to said second nozzle and 
the movement of said diaphragm to control the opening and closing of said valve 
means and means for controllina the stroke of said valve means. 0 65 3. A thrust 
device comprising: a housing having a first chamber and a second chawber separated 
by a wall; a first convergent-divergent nozzle connected to said first chamber; a 
second convergent-divergent nozzle of smaller throat diameter connected to said 
second chamber; a 70 high pressure gas supply connected to said. housing; first 
valve means within said housing for controlling the flow of gas to said first cham- 
ber; a spring bellows hermetically 

3 connected to said valve means and the wall of said housing for holding said valve 
in its closed position; means, in said valve means for, admitting gas into said 
bellows when said valve is open to balance the pressure on said valve means; a 
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diaphragm, in the wall between said first chamber and said second chamber, and- 
operatively connected to said valve means; a second valve means within said bousing 
for controlling the flow of gas to said second chamber; a torqtie motor having its 
armature connected 3,304,723 4 gas into said second chamber to control the flow of 
gas to said second nozzle and the movement of said diaphragm to control the opening 
and closing of said valve means; a coil winding surrounding said torque motor 
armature and means for applying a control signal to said coil; and means for 
controlling the stroke of said first valve means. No references cited, to said 
second valve; means for controlling the flow of 10 CARLTON R. CROYLE, Primai-y 
Examiner, 
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ABSTRACT: 

A method and system (12) for controlling the attitude of a spacecraft during its 
transfer orbit using an on-board, stand-alone, three-axes attitude determination 
and control system. The system utilizes a set of on-board sensors to define two 
independent angular measurements, which will initially identify the z-axis 
orientation of the spacecraft from an arbitrary attitude after launch vehicle 
separation. A set of three-axis gyros are then bias calibrated in order to measure 
the transverse rates of the spacecraft. The three-axis attitude of the spacecraft 
is continously determined by integrating the gyro outputs even if the Earth or Sun 
is not visible by an on-board sensor. A state estimator model is provided to 
determine the three-axis attitude of the spacecraft in the presence of large wobble 
and nutation. The system also utilizes a linear combination of the estimated 
attitude, rate and acceleration states to generate commanded rate increments with a 
pulse-width frequency modulator. The pulse-width frequency modulator seeks to 
linearize the inherently non-linear thruster duty cycle. 

14 Claims, 34 Drawing figures 
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Title (1) : 

Proportional thrust valve for space vehicle control system 
OCR Scanned Text (1) : 

Feb. 21, 1967 R. E. GAURA 313040723 PROPORTIONAL THRUST VALVE FOR SPACE VEHICLE 
CONTROL SYSTEM Filed Aug. 10, 1965 14 33 L 11 30 18- Z6 19 20 + L9 0.4 Oz 5 /0 2'0 
15 wo INVENTOR q- BY 

OCR Scanned Text (2) : 

United States Patent Office 3,304,723 3,304,723 PROPORTIONAL THRUST VALVE FOR SPACE 
VEHICLE CONTROL SYSTEM Robert E. Gaura, Campbell, Calif., assignor ti) the United 
States of America as represented by the Secretary of the Air Force Filed Aug. 10, 
1965, Ser. No. 478,778 3 Claims. (CI. 60-233) This invention relates to a thrust 
valve for a space vehicle control system. 0-ne object of the invention is to 
provide a lightweight proportional thrust valve for a space vehicle control system 
which is compact, reliable and inexpensive to build. Another object of the 
invention is to provide a thrust valve which uses a bellows that provides poppet 
preload and which nullifies any unbalance force due to varying supply pressure. A 
furtber obiect of the invention is to provide a thrust valve which makes use of the 
pilot gas used to obtain main stan thrust to provide a vernier thrust and which 
eliminates the undesirable lorques acting on the space vehicle due to venting of 
the pilot gas. These and other objects will be more fully understood from the 
following detailed description taken with the drawing,- wherein: FIG. 1 is a 
sectional view of a thrust valve according to the invention; FIG. 2 shows the 
performance dia.-ram of lbs. thrust vs. si.-nal input in milliamps for the pilot 
sta,-e; and FIG. 3 shows the performance diagram of lbs. thrust vs. si.-nal input 
in milliamps for the main stage tbrust. The prior art thriist valves used were 
complicated and too sensitive for the job they inust do. Also,- in these valves the 
pilot gas, used to obtain main stage thrust control, was vented overboard through 
holes in the torque motor cover where they performed no useful function and caused 
undesirable torques to act upon the vehicle. According to this invention a more 
compact valve is provided which makes use of the pilot gas to obtain useful thrust. 
With reference to FIG. 1, reference number 10 shows a thrust valve having a housin- 
11, with a pilot stage thrust chamber 12, and a main thrust chamber 13, separated 
by a diadhragm, 14. A small vernier nozzle 15 is connected to th@ pilot sta,@e 
thrust chamber 12 and a main nozzle 16 is connected to the main thrust chamber 13. 
Both of these nozzles are of sta@ndard convergent-diverge, nt De Laval design. The 
sizes of the respective throat diame"-ers are detern-iined by the thrust levels 
selected for the vernier and main stages, however, the throat diameter of nozzle 15 
will always be some fractional part of the diameter of nozzle 16. For example, with 
the thrust levels sbown in FIGS. 2 and 3, with a main stage nozzle throat diameter 
of approximately .6 inch, the vernier nozzle would have a throat diameter of 
approximately .04 inch. A valve 17 is connected to the diaphragm 14 by means of 
stem 19. A spring bellows 19 is hermetically connected to the valve 17 and housing 
11. Cbam,ber 13 is in communication with chamber 20 within spring bellows 19 by 
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means of central passage 21 and two bore holes 22 - in the valve stem 18. Other 
conimunication means such as openings through the valve 17 can be provided, if 
desired. An adjustable stol> 24 controls the length of the stroke. A supply of 
compressed gas, for example nitrogen, from supply 26 is connected to inlet 28. The 
working fluid may be compressed hot or cold gas. A pilot supply passage 29 ending 
with a nozzle 30 is provided between inlet 29 and chamber 12. A torqtie motor 31 
controls the movement of a flapper Patented Feb. 21, 1967 2 32 to control the flow 
of gas from nozzle 30 into pilot chamber 12. For a general discussion of flapper 
valves see pages 16-19 of "Electrohydraulic Servomechanisms" by Allen C. Morse, in 
the operation of the thrust valve, a signal is applied to torque motor 31 over 
leads 33 to move the flapper 32 away from the nozzle 30. A regulated pilot pressure 
Pp is built up in chamber 12. The variable pilot chamber pressure is converted to 
useful thrust as the -as expands io through convergent-divergen@t nozzle 15. Whe-n 
the pressure in the pilot chamber 12 reaches a value high enough to overcome the 
pressure of spring bellows 19, valve 17 is moved away from its seat and a pressure 
Pi, is built up in the main thrust chamber 13. The gas in main thrust 15 cham-ber 
13 is fed to the main thrust nozzle 16. The passage 21 in valve 17 acts to hold the 
pressure inside the bellows 19 at the same pressure as chamber 13 so that there is 
no net force across the poppet-seat assembly. There is thiis provided a lightweight 
proportional thrust 20 valve for a space vehicle control system which is compact, 
reliable, and inexpensive to build. While a certain specific embodiment has been 
described in detail, it is obvious that numerous changes may be made without 
departing from the General principle and 25 scope of the invention. I claim: 1. A 
thrust device comprising-: a housing- having a first chamber and a second chamber 
separated by a wall; a first convergent-divergent nozzle connected to said first 30 
chamber; a second conver, -ent-divergent nozzle of smaller throat diameter connected 
to said second chamber; a high pressuregas supply connected to said housing; valve 
means within said housing for controlling the flow of gas to said first chamiber; a 
spring bellows hermetically con- 35 nected to said valve means and the wall of said 
housing for holding said valve in its closed position; means, in said valve ineans 
for, admitting gas into said bellows when said valve is open to balance the 
pressure on said valve 40 means; a diaphragm, in the wall between said first 
chamber and said second chamber, and operatively connected to said valvemeans; 
means for controlling the flow of gas into said second chamber to co-@itrol the 
flow of gas to said second nozzle and the movement of said diaphra,@m 45 to control 
the opening and closing of said valve means. 2. A thrust devic-- comprising: a 
housing having a first chamber and a second chamber separated by a wall; a first 
conver, @ent-divergent nozzle connected to said first chamber; a second convergent- 
divergent nozzle of smaller 50 throat diameter connected to said second chamber; a 
high pressure gas supply connected to said housing; valve meaiis within said 
housing for controlling the flow of gas to said first chamberG, a spring bellows 
hermetically connected to said valve means and the wall of said housing for bold- 
.5,5 ing said valve in its closed position; means, for, admittin. gas into said 
bellows when said valve is open to balance the pressure on said valve means; a 
diaphragm, in the wall between said first chamber and said seco-nd chamber, and 
operatively connected to said valve means; means for (;o controlling the flo@v of 
gas into said second chamber to control the flow of gas to said second nozzle and 
the movement of said diaphragm to control the opening and closing of said valve 
means and means for controllina the stroke of said valve means. 0 65 3 . A thrust 
device comprising: a housing having a first chamber and a second chawber separated 
by a wall; a first convergent-divergent nozzle connected to said first chamber; a 
second convergent-divergent nozzle of smaller throat diameter connected to said 
second chamber; a 70 high pressure gas supply connected to said housing; first 
valve means within said housing for controlling the flow of gas to said first cham- 
ber; a spring bellows hermetically 

OCR Scanned Text (3) : 

3 connected to said valve means and the wall of said housing for holding said valve 
in its closed position; means, in said valve means for, admitting gas into said 
bellows when said valve is open to balance the pressure on said valve means; a 



http ://westbrs:9000/bin/gate.exe?f^doc&state=68jer6.5 . 1 &ESNAME=KWIC&p_Message= . . 10/11/05 



Record Display Form 



Page 3 of 3 



diaphragm, in the wall between said first chamber and said second chamber, and- 
operatively connected to said valve means; a second valve means within said bousing 
for controlling the flow of gas to said second chamber; a torqtie motor having its 
armature connected 3,304,723 4 gas into said second chamber to control the flow of 
gas to said second nozzle and the movement of said diaphragm to control the opening 
and closing of said valve means; a coil winding surrounding said torque motor 
armature and means for applying a control signal to said coil; and means for 
controlling the stroke of said first valve means. No references cited, to said 
second valve; means for controlling the flow of 10 CARLTON R. CROYLE, Primai-y 
Examiner, 
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DOCUMENT-IDENTIFIER: US 6845950 Bl 

TITLE: System for high efficiency spacecraft orbit transfer 
Brief Summary Text (3) : 

Typically, a spacecraft is, launched into an initial orbit that differs from the 
final orbit that the spacecraft is to follow during its lifetime. A spacecraft 
launch vehicle places the spacecraft in its initial or launch vehicle insertion 
orbit. The launch vehicle, however, generally does not have sufficient capability 
to place the spacecraft into its mission orbit. As a result, the spacecraft must be 
transferred from its initial insertion orbit to its final mission orbit, typically 
by using a spacecraft on-board propulsion system. 

Brief Summary Text (5) : 

The high-thrust propulsion system can comprise a liquid apogee engine (LAE) that 
burns a mixture of hydrazine and oxidizer to generate a thrust of about 100 to 150 
lbf with a mass specific impulse (ISP) of about 325 seconds (the ISP is the ratio 
of the thrust to the mass flow rate, a higher value indicating that less fuel is 
needed to achieve the same applied impulse) . The orbit transfer then can be 
performed by performing a sequence of four to six LAE maneuvers at or near the 
orbit apogee, with each maneuver lasting less than 1 hour. Using this approach, the 
transfer to the GEO mission orbit can be accomplished in less than 2 weeks. 
However, the performance of this approach, as measured by the mass delivered to 
orbit on a given launch vehicle, is limited by the capability of the launch vehicle 
and the amount of chemical propellant that can be stored on-board the spacecraft. 

Brief Summary Text (6) : 

The LAE orbit transfer approach provides reasonable efficiency and a rapid orbit 
transfer, but for heavy spacecraft the combined launch vehicle and on-board LAE 
system can be insufficient to transfer the spacecraft to the mission GEO orbit. To 
address this problem, a hybrid orbit transfer approach recently has been introduced 
that performs the orbit transfer in two phases. The first phase includes some 
number of LAE firings to transfer the spacecraft from the initial injection orbit 
to an intermediate orbit, which typically has its perigee above the Van Allen 
radiation belts to limit solar array degradation during the final orbit transfer 
phase (phase 2) . 

Detailed Description Text (32) : 

The spacecraft attitude command generator 308 receives inertial attitude 
information from attitude determination logic 302 and attitude trajectory 
information from trajectory generator 306 and generates attitude error correction 
information. The attitude error information is computed based on the spacecraft 
inertial attitude, the thrust vector trajectory, and possibly the Sun vector, and 
is used to null the attitude errors so that the thruster thrust vector remains 
■aligned with the thrust vector trajectory, and the sun vector remains oriented in 
the spacecraft yaw/roll plane (perpendicular to the solar array rotation axis) . 

Detailed Description Text (33) : 

The attitude error information from attitude command generator 308 is input to 
attitude and solar array control logic 312, which generates solar array position 
commands necessary to point the solar array at the sun. While the thrusters are 
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firing, attitude and solar array control logic 312 can partition the torque demand 
between the thruster gimbals and the reaction wheel assemblies (RWAs) . When the 
thrusters are not firing, the attitude and solar array control logic 312 applies 
the control torque demand entirely to the RWAs, and/or partitions the control 
torque demand between the RWAs and hydrazine control thrusters (REAs) . 



12. The method as recited in claim 1, wherein the change in orbit comprises a 
transfer from a launch vehicle injection orbit to a final mission orbit. 

26. The system as recited in claim 14, wherein the first orbit comprises a launch 
vehicle injection orbit and the second orbit comprises a final mission orbit. 



CLAIMS : 
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ART-UNIT: 3644 

PRIMARY-EXAMINER: Eldred; J. Woodrow 
ATTY-AGENT-FIRM: McDermott Will & Emery LLP 

ABSTRACT : 

The present invention relates generally to systems and methods for transferring a 
spacecraft from a first orbit to a second orbit. In accordance with one embodiment 
of the invention, the method comprises calculating thruster-off regions within an 
orbit transfer in which it is efficient to turn-off spacecraft thrusters, and in 
those thruster-off regions, turning off the spacecraft thrusters. 

31 Claims, 6 Drawing figures 
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